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Most plants and benthic organisms have evolved efficient reconfiguration mechanisms to resist
flow-induced loads. These mechanisms can be divided into bending, in which plants reduce their
sail area through elastic deformation, and pruning, in which the loads are decreased through partial
breakage of the structure. In this Letter, we show by using idealized models that these two mech-
anisms or, in fact, any combination of the two, are equally efficient to reduce the drag experienced
by terrestrial and aquatic vegetation.
PACS numbers: 87.10.Pq, 89.75.Da, 89.75.Hc
A major mechanical constraint on terrestrial plants
and benthic organisms results from external fluid flows.
To resist large flow-induced loads, plants have evolved
two types of adaptability. The first one is a long time-
scale adaptability, where the flow induces shape modifi-
cations of the plants [1, 2]. The second one may occur
on long or short time-scales and involves time-reversible
geometrical changes. This latter mechanism is known un-
der the general term of reconfiguration [3, 4], which can
itself be divided into two distinct mechanisms: bending
and pruning.
In bending, also known as elastic reconfiguration, the
body deforms significantly under the flow forces, thereby
reducing its drag compared to that of a non-deformable
body [5]. Over the past decade, several experimental,
theoretical and numerical studies have provided a good
understanding of this mechanism [6–10]. Alternatively,
in pruning, the sail area is reduced by breaking parts of
the plant structure, as may be observed in trees [11, 12].
Like bending, pruning leads to significant drag reduc-
tion. However, to ensure the survival of the organism
and the long-time reversibility of this type of reconfigu-
ration, breakage should be localized away from the base
of the structure for the organism to be able to regrow.
The deformation that an organism can withstand be-
fore eventually breaking can be assessed by comparing
two material properties: the Young’s modulus or modu-
lus of elasticity, E, and the yield stress or strength σc.
The former is the ratio between stress σ and strain  in
the material, while the latter characterizes the stress at
breakage. The dimensionless number formed out of these
two quantities, εc = E/σc, is simply the strain at break-
age, or critical strain. Physically, a low value of εc means
that breakage will occur at small deformations. As seen
in Fig. 1, the critical strain, εc, can differ by several or-
ders of magnitude in organic materials. Yet, terrestrial
and benthic organisms are generally submitted to similar
flow-induced loads. One may thus wonder how different
values of εc may affect their mechanical response and
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Figure 1. Typical orders of magnitude of Young’s modulus
and strength in plants and benthic organisms [13–17].
their ability to survive in intense flows.
In this Letter, we explore how the critical strain may
select different plant reconfiguration strategies (i.e. bend-
ing, pruning, or a combination of both) and show that
all these strategies are equally efficient at reducing the
flow-induced drag on idealized systems.
Plants, and more generally slender organisms under
flow, are modeled here as cantilever tapered beams,
whose width, a, and thickness, h, vary as
a(s) = a0 (s/s1)
−β
, h(s) = a0 (s/s1)
β
, (1)
where s is the coordinate along the beam axis measured
from top (s = s0) to bottom (s = s1), and β is the slen-
derness exponent [12, 18]. When β = 0, the beam has
constant width and thickness along its height and repre-
sents a single-beam plant, such as a cereal crop (Fig. 2a).
When β > 0, the tapered beam represents a ramified
system (Fig. 2b). In that case, the thickness, h, corre-
sponds to the local branch diameter, and the width, a,
to the diameter multiplied by the number of branches at
that height [18]. The width thus corresponds to the total
area facing the flow, or the sail area, thereby neglecting
any shading between branches and the effect of branch
orientation. To investigate the impact of branch orienta-
tion on our results, we finally consider a “bundle” made of
ar
X
iv
:1
30
5.
49
95
v2
  [
ph
ys
ics
.bi
o-
ph
]  
24
 M
ay
 20
13
2(a) Beam (b) Tapered beam
U
U
U
U
U
U
(c) Bundle of tapered beams
(a) (b) (c)
Figure 2. Typical plant geometries and corresponding mod-
els: (a) beam (no ramifications) [14, 19], (b) Tapered beam
(ramifications, no branch orientation) [12, 18], (c) bundle of
tapered beams (ramifications and branch orientation) [20].
several tapered beams of different orientations (Fig. 2c).
These tapered beams are assumed to lie in a uniform
cross-flow of velocity U (Fig. 3) such that flow-induced
loads (force per unit length), F, resulting from pressure
drag read
F(s) = F n, with F = 12ρCDa [U sin θ]
2
, (2)
where ρ is the fluid density, θ(s) is the local beam ori-
entation, and CD is the drag coefficient, taken to be 1
without loss of generality [4].
Considering the high slenderness of this geometry,
beam theory can be used to derive the deflection and
stress state along the beam axis (Fig. 3b). Noting Ft
and Fn the tangential and normal components of the in-
ternal force, respectively, I the beam’s second moment of
inertia, and E its Young’s modulus, the Euler-Bernoulli
beam equation yields
F ′n + θ
′Ft + F = 0, (3)
F ′t − θ′Fn = 0, (4)
(EIθ′)′ + Fn = 0, (5)
where primes stand for differentiation with respect to s
[21]. Equations (3)–(5) describe the evolution of internal
forces and torques along s, and are solved numerically
using a shooting method with a clamped boundary con-
dition at the base, i.e. θ(s1) = pi/2, and free boundary
conditions at the top, i.e. Ft(s0) = Fn(s0) = 0.
In this system, the bending stresses are maximum at
the surface of the beam, being compressive (resp. exten-
sive) on the inner side (resp. outer side). The maximum
stress is given by σmax = Eθ′h/2 [22], and we assume
that breakage occurs when and where σmax = σc. Fol-
lowing a breaking event, the broken part is removed, and
the problem is then solved on the remaining geometry
characterized by a different s0.
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Figure 3. Tapered beam and notations.
Before studying the reconfiguration of a single tapered
beam for any value of εc, it is worth investigating two
asymptotic limits: brittle materials characterized by very
small critical strains, εc  1 (these materials break be-
fore any significant bending), and highly deformable ma-
terials for which εc  1 (essentially, these materials never
break).
In the classical limit of an elastic material without
breaking, a common behavior exists for all structures
made of plates in bending, beams in bending, or any
combination thereof [10] : for a large deformation of the
structure drag will increase as U4/3, showing a signif-
icant drag reduction in comparison with the expected
U2 scaling for a rigid structure. This 4/3 exponent can
be derived form a simple scaling argument, considering
that the original length scale, the size of the structure,
does not contribute to the drag, because of the signifi-
cant change of geometry through bending [9]. This drag
reduction is consistent with experimental data on many
plant species, aquatic or aerial [10]. The tapering of the
beam, considered here through the parameter β, is not
expected to play any role in the drag exponent, the length
scale of variation of a and h being the size of the beam.
We therefore expect that in the limit of large critical
strain, εc  1, drag will vary as U4/3 , when the beam
is highly bent.
Conversely, we may consider the limit of a beam made
of a brittle material, εc  1, solved in Ref. [11]. Two
cases are found depending on the value of the slender-
ness exponent. If β < 1, the flow-induced stress is always
maximum at the base, and breaking will systematically
occur there. Drag increases as U2 before breaking, when
it drops to zero. When β > 1, breaking occurs at an
intermediate level, resulting in a succession of breaking
events as the flow velocity is increased. The correspond-
ing drag shows sudden reductions, at the breaking events,
separated by increases in drag that are quadratic with
velocity. This step by step process was described as flow-
induced pruning, and is relevant for complex tree geome-
tries. It is very efficient in limiting drag, and is somehow
reversible as broken parts may regrow. The condition on
β was shown to be compatible with data on trees [11].
In the general case, when both bending and pruning
are involved, it should be noted that, since the width of
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Figure 4. Evolution of the normalized drag as a function of
the flow velocity, for a tapered beam (β = 3/2): (a) prun-
ing reconfiguration, εc = 10−3; (b) bending and pruning,
εc = 10
−2; (c) bending reconfiguration, εc = 10−1. The drag
evolution in the absence of reconfiguration is shown in dotted
line, and the beam topologies are sketched for different flow
velocities.
the tapered beam diverges as s tends to 0, flow-induced
loads are predominantly exerted on the upper part of the
structure. As a consequence, the cut-off length s0 plays
a role in scaling the flow-induced loads. In branching
structures such as trees, the ratio s0/s1 is given by the
relative length of the last branches, and can safely be
estimated to lie in the interval 10−3 < s0/s1 < 10−1 for
most organic branched structures [23]. In the following,
we consider a typical value of this ratio s0/s1 = 10−2.
We now investigate the reconfiguration through bend-
ing and pruning of a single tapered beam when the flow
velocity is gradually increased. We focus here on the case
β > 1 for which intermediate breaking events (i.e. prun-
ing) are possible. A typical value is β = 3/2 as proposed
by McMahon and Kronauer [23] based on the principle
of elastic similarity in trees. The case β < 1, for which
breaking systematically occurs at the base of the struc-
ture, will be discussed further at the end of this Letter.
Figure 4 shows the computed evolution of drag with
the flow velocity, for three values of the critical strain
εc = 10
−3, 10−2, and 10−1. In this figure, drag and ve-
locity are normalized such that the drag is 1 when the
flow velocity is 1 in the absence of reconfiguration. For
each value of the critical strain, εc, we see a significant
drag reduction compared to that of a rigid body but with
different mechanisms. At low critical strain (εc = 10−3),
little bending occurs, and reconfiguration is essentially
due to pruning (Fig. 4a). This case is representative of
fragile materials for which εc  1. Pruning events are
evidenced in Fig. 4a by sudden drops of the drag. Con-
versely, at large critical strain, here εc = 10−1, recon-
figuration is essentially driven by bending, until pruning
eventually occurs through a single breaking event, at the
base of the structure (Fig. 4c). This regime is reminiscent
of highly deformable materials , εc  1, and the finite
value of εc selects the flow velocity at which the structure
breaks. Before breaking occurs, the asymptotic bending
regime of drag reduction described above is found, where
drag varies as U4/3.
In the intermediate case, εc = 10−2, reconfiguration
and drag reduction are achieved through both bending
and pruning (Fig. 4b). Bending occurs prior to pruning,
and therefore acts as a transition from no reconfiguration
to pruning.
From the reconfiguration of a single tapered beam, we
have seen that both bending and pruning yield important
drag reductions. Now, to assess the importance of branch
orientations, we model the reconfiguration of a bundle of
such beams (Fig. 2c). This geometry, inspired from the
poroelastic system of [20], can be seen as a model for
bushes or tree crowns, as each beam can itself be inter-
preted as a ramified branch. Note that we consider here
the worst case scenario, without any shading effect inside
the bundle, thus assuming that each beam experience the
same flow velocity U .
Figure 5 shows the evolution of the drag on the bundle
geometry when flow velocity is increased. Depending on
the value of the critical strain, the topology of the re-
configuration is quite different. For low critical strain
(εc = 10−3), breakage propagates from the center of
the bundle to its periphery. Conversely, for high criti-
cal strain (εc = 10−1), breakage propagates downstream.
At intermediate values of the critical strain (εc = 10−2),
the behavior is a combination of these two propagative
scenarios, leading to non-trivial reconfiguration patterns.
Yet, the different curves exhibit similar trends, and the
resulting drag reduction is comparable for all values of
the critical strain: the total drag on the body is approx-
imatively constant with the flow velocity, regardless of
the type of reconfiguration involved. This confirms the
results found for a single beam, suggesting that any value
of the critical strain will lead to similar survival abili-
ties under extreme flows. Furthermore, independently of
the mechanism involved in the reconfiguration process,
the combination of identical elements with different ori-
entations is a powerful mean for maintaining the drag
approximately constant as flow velocity increases.
Additionally, the shape after reconfiguration of the
present bundle geometry shares some similarities with
flag trees, a morphology observed when some species of
trees grow in extremely windy environments. It has been
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Figure 5. Evolution of the normalized drag as a function of
the flow velocity, for a radial bundle of tapered beams (β =
3/2): (a) εc = 10−3, (b) εc = 10−2 and (c) εc = 10−1. The
drag evolution in the absence of reconfiguration is shown in
dotted line, and the bundle topologies are sketched in different
reconfigured states.
recognized, [24], that abrasion plays a role in the shap-
ing of trees, by removing upstream branches. Using our
bundle model in the case of high critical strain, typical of
growing material, shows that the upwind-facing branches
would be the first to break, Fig. 5c. This would result in
a tree whose branches would be mainly oriented down-
wind. Such hypothesis could be validated by coupling
the present results with a tree growth model.
The results shown above were obtained for a slender-
ness exponent β larger than 1, which is a necessary condi-
tion for pruning. For beam-like plants, without tapering,
such as cereal crops and many annual plants, there can
only be a single breaking event at the base since β is then
about 0. This scenario is also true for young trees, which
do not have enough branching levels for branch breakage
to occur [11]. In this case, reconfiguration relies only on
bending, and the corresponding drag curves are reduced
to that computed at the highest critical strain, εc = 0.1,
in Figs. 4 and 5. Note that, because β does not influ-
ence how drag scales with velocity in these highly bent
regimes these curves also represent the case β < 1.
When β is less than 1, pruning is not a possible recon-
figuration mechanism. It suggests that low critical strain
is not favorable in that case. This is consistent with the
observations : crops are indeed annual plants whose criti-
cal strain is high, and young trees have different mechan-
ical properties than old trees, with more flexible branches
and smaller Young’s modulus [16]. For instance, in the
young walnut tree analyzed in [25], β was lower than 1,
β ≈ 0.82, and the Young’s modulus was lower than that
of older trees, suggesting a possible higher value of the
critical strain. This beneficial property could result from
an evolutionary process, as proposed for perennial kelp
in [26]. The particular case of stony corals is also note-
worthy, as they have a very low critical strain, εc ≈ 10−4.
Their geometry, where the sections of branches are simi-
lar to that of the trunk, suggests that breakage will occur
at their base [27]. However, these particular organisms
are capable of reattachment after breakage, thus ensur-
ing their survival through breakage and dispersal. This is
in fact a common mechanism for asexual reproduction in
some terrestrial plants like Salix and stony corals [15, 27].
This ability to reattach can be seen as the ultimate sur-
vival strategy when neither bending nor pruning work.
The results obtained here are therefore qualitatively con-
sistent with the observations made in nature (Table I).
Table I. Typical survival strategy to resist large flow-induced
loads and corresponding value of the critical strain εc for dif-
ferent natural structures.
Structure Strategy εc
Corals [27] base breakage and reattachment 10−4
Trees [15–17]
branches bending/pruning and regrowth 10−2
twigs bending 10−1
Crops [14] bending 10−1
In summary, different reconfiguration strategies in
plants were investigated in this Letter using model ge-
ometries. We have shown how bending, pruning, or com-
bination of the two ensures drag reduction and survival
under important fluid flows. Starting from the obser-
vation that critical strains measured in nature vary by
several orders of magnitude, we have focused on the ef-
fect of this mechanical parameter on reconfiguration. It
was shown that the evolution of the flow-induced drag, as
the flow velocity increases, is similar for any value of the
critical strain, and yields similar effects on plant survival.
In particular, when a bundle of beams with different ori-
entations was considered, with the aim of modeling ram-
ified plants, the drag was found to be approximatively
constant as the flow velocity increases. Such a remark-
able property could balance efficiently the high biologi-
cal cost of pruning. These results thus suggest that the
choice of either reconfiguration mechanism is not driven
by survival issues, but probably related to other plant
functionalities.
Hence slender organisms subjected to flow may survive
to extreme loading, regardless of the critical strain of the
material they are made of, by one mechanism or another,
or a combination of them. This allows a large variety of
5states of living materials and geometries to exist in such
environments, as is commonly observed [6, 16]. More
generally, these drag reduction strategies through shape
changes may be seen as one of the posture control of
plants, in reaction to an abiotic stress, see for instance in
[1, 28].
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